The territorial gardening limpet Scutellastra cochlear occurs along the south and southern west coasts of South Africa, while one of its primary food items, the encrusting coralline alga Spongites yendoi, extends much further north along the west coast. A combined analysis of geographic variation in limpet grazing frequency and a limpet-manipulation experiment was used to study the interaction between the limpet and its coralline food. The coralline comprised most (c. 85 %) of the limpet's diet while fleshy algae from the limpet's garden comprised c. 7 %. Grazing caused the thallus of the coralline to be thin and smooth; in the absence of herbivory, or under low grazing frequencies, the crust became thick and highly protuberant. Grazing weakened the coralline's interference (overgrowth) competitive ability and also reduced its fecundity. In spite of these two apparently negative impacts, the intimate herbivore-coralline association between S. cochlear and S. yendoi showed characteristics of a facultative mutualism. Grazing by S. cochlear reduces the 43 coralline's thallus thickness and consequently increased its lateral margin extension rate. Thinner forms of the coralline grew 5X faster than thicker forms. An increased lateral growth results in the thinner form of the coralline being very abundant on south and southern west coasts, occupying as much as 79 % of the substratum in the lower eulittoral zone. Thinner forms of S. yendoi were also less burrowed by boring organisms and more strongly attached than thicker forms of the coralline. Grazing by S. cochlear has thus conferred the advantages of faster lateral growth (i.e. success at exploitation competition) and stronger attachment. The coralline and fleshy algae from the limpet's garden were equally high in organic content on a volume basis.
Introduction
With notable exceptions (e.g. Wethey 1983 , Hay and Gaines 1984 , Dethier and Duggins 1988 , Foster 1990 , Schaff et al. 1992 , Kennelly and Underwood 1993 , Bustamante et al. 1995 , Jenkins et al. 2000 , 2001 , 2005 , Coleman et al. 2006 , ecologists rarely study interactions over very large spatial scales. As a result, biotic interactions along large geographic gradients remain a little explored area of ecology and generalizations from small-scale studies have been applied to entire regions to explain certain observed patterns (Kennelly and Underwood 1993) . The purpose of this research was to examine a strong interaction between a limpet and its coralline algal food at three widely separated sites along the South African west coast.
Encrusting coralline algae are important occupiers of space in rocky marine environments, yet there have been relatively few studies of interactions involving them with most discussing such interactions from several biogeographically distinct localities (Adey and McIntyre 1973 , Paine 1984 , Steneck 1983 , 1985 , 1986 , Dethier et al. 1991 , Steneck et al. 1991 , Keats et al. 1993 , 1994a , 1994b , Keats and Maneveldt 1994 , Steneck and Dethier 1994 , Fujita 1999 , Maneveldt et al. 2006 . Encrusting algae usually show distinct competitive hierarchies in which thick crusts and those with raised margins are superior interference (overgrowth) competitors to thinner crusts and those with adherent margins (Paine 1984 , Steneck 1986 , Steneck et al. 1991 , Keats and Maneveldt 1994 , Morcom et al. 1997 . The nature of the competitive hierarchy can, however, change in relation to the abundance of excavating herbivores and the intensity of their grazing (Quinn 1982 , Paine 1984 , Steneck 1985 , Dethier et al. 1991 ) and some herbivores have been shown to increase lateral margin expansion (exploitation competition) in algal crusts, allowing thinner ones to obtain high cover abundances on shores with high grazing intensities (Steneck et al. 1991) . One observation common to many studies is that encrusting coralline algae often thrive under, and have even been postulated to require intense herbivory, particularly from limpets (Adey 1973 , Steneck 1983 , Breitburg 1984 , Sousa and Connell 1992 , Dethier 1994 , Steneck and Dethier 1994 .
Limpets (Mollusca, Gastropoda) are important grazers and many of them include encrusting coralline algae in their diets (Day 1969 , Branch 1971 , 1981 , Steneck 1983 , 1986 , Steneck and Watling 1982 , Paine 1984 , Steneck and Paine 1986 , Steneck et al. 1991 , Fujita 1992 , Maneveldt et al. 2006 . Some are even known to form associations with encrusting coralline algae, affecting the morphologies of their coralline prey Paine 1986, Steneck et al. 1991) .
The south and west coasts of South Africa are characterised by a shore that has been divided into four zones: the supralittoral fringe (Littorina-zone), the upper eulittoral zone (upper balanoid zone), the mid-eulittoral zone (lower balanoid zone), and the lower eulittoral zone (the 'cochlear-zone' along the south coast, the 'cochlearargenvillei-zone' along the west coast) (Day 1969, Branch and Branch 1988) . The territorial gardening limpet Scutellastra cochlear (Born) and the encrusting coralline alga Spongites yendoi (Foslie) Chamberlain are the most characteristic species of the lower eulittoral zone (Figure 1 ). The distributions of these two species overlap to a large extent (see Branch et al. 1994) with both organisms reaching their highest abundances along the south and southern west coasts (Day 1969 , Branch 1976 , Branch and Griffiths 1988 , Chamberlain 1993 , Maneveldt et al. 2008 . Scutellastra cochlear characteristically dominates the lower eulittoral zone, often achieving densities of over 3600 individuals per m 2 (Branch and Griffiths 1988). At densities above 300 individuals per m 2 , the limpet excludes most low shore species, except for S. yendoi and a garden of either Gelidium micropterum Kuetzing or Herposiphonia heringii (Harvey) Falkenberg (Branch 1975 , 1976 , Keats et al. 1994b . Northward along the west coast, however, S. cochlear is progressively replaced by the larger S. argenvillei (Krauss), which may also occur in very dense populations (Branch and Griffiths 1988) .
At the southern extreme of its range, S. yendoi is extremely thin while north of Groenriviermond a thick, protuberant form of this coralline is observed. Variation in the abundance of S. cochlear appears to have various implications to the physiognomy and ecology of S. yendoi, possibly producing the two forms of the coralline. Here we test the hypothesis that the importance of grazing in determining physiognomic characteristics and competitive success of the coralline alga S. yendoi, differs along a latitudinal gradient in response to S. cochlear densities.
Materials and Methods

Description of study sites
This study was conducted within the lower eulittoral zone at three sites from the northern to the southern west coast of South Africa. The study sites included Holbaaipunt (18° 50' 50.7" E, 34º 22' 50.5" S) along the southern west coast, Groenriviermond (17º 34' 32.8" E, 30º 51' 29.2" S) along the central west coast and Port Nolloth (16º 51' 18.3" E, 29º 14' 28.4" S) along the northern west coast ( Figure   2 ). At Holbaaipunt the lower eulittoral zone is dominated by S. cochlear and a very thin form of S. yendoi in present. Occasionally some thicker forms of S. yendoi are found in very localised areas that lack S. cochlear; these were notably vertical overhangs. At Groenriviermond there is an almost 1:1 relationship between S. cochlear and S. argenvillei in the lower eulittoral. Here too a relatively thin form of S.
yendoi is most abundant, with occasional thicker forms of the coralline only occuring between limpet territories. At Port Nolloth the lower eulittoral is dominated almost exclusively by S. argenvillei and only thick forms of the coralline were observed.
General methods
Field collections were made from all sites, around the same time. Plants were examined fresh when possible or were air dried, or fixed in 10 % commercial Formalin in seawater (4 % formaldehyde) and stored in 70 % ethanol: 10 % glycerol: 20 % distilled water solution. For light microscopy, preserved thalli were decalcified in 10 % nitric acid, hardened in 70 % ethanol, and sectioned at a thickness of 10-30 m on a Leitz CO 2 freezing microtome. Sections were mounted on a microscope slide containing aniline blue in 60 % Karo syrup. Observations and thallus measurements were compared with those of Chamberlain (1993) for identification.
For scanning electron microscopy (SEM), air-dried material was mounted whole or fractured and mounted on stubs, using double-sided adhesive tabs (Agar Scientific, 66a Cambridge Rd., Stanstead, Essex CM24 8DA, UK). The stubs were stored in a desiccator for at least 24 hrs prior to examination, coated with gold for 4-6 min in a 5000-V Edwards S150B sputter coater (Edwards High Vacuum, Manor Royal, Crawley, West Sussex RH10 2LW, UK) and examined at 25 KV with a Hitachi X650 scanning electron microscope (Hitachi, Ltd., Tokyo, Japan), equipped with a Mamiya 6X7 camera.
All measurements are presented as means + SE. Differences were evaluated according to "T"-test for pairs and one-way ANOVA for 3 means. All results were considered statistically significant at P < 0.05.
Abundances
To estimate the cover abundances of S. yendoi and S. cochlear, a 30 x 30 cm clear acrylic quadrat perforated by 100 holes was held above the substratum and the organism under each hole identified (1 % increments).
Quadrats (N = 12/transect/site) were laid randomly along three 20 m transect lines running more or less parallel to the shore. graphite dots removed by limpets were marked again each day in the same place.
Grazing on Spongites yendoi
Grazing intensity (= bite depth; sensu Steneck et al. 1991) was measured under a SEM. The average bite depth from each of 10 fragments of S. yendoi from each site was examined.
Morphology, thallus thickness, growth and fecundity
To determine the effects of grazing on the general physiognomy of S. yendoi, various morphological data were obtained. Under a dissecting microscope the number of protuberances per cm 2 , and the protuberance heights and diameters were measured.
Protuberance percentage cover of the planar area of the thallus was also measured using a dissecting microscope equipped with an eyepiece quadrat divided into 100 small squares. Averages per specimen were first obtained and then the mean for 10 specimens was calculated.
For margin and thallus thickness measurements of S. yendoi, air-dried material was used. Crude sections were made perpendicular to the growing margins simply by breaking the crusts between two forceps or using a diagonal cutters or a hammer and chisel. The thickness of the margins and thalli were measured under a dissecting microscope equipped with an eyepiece micrometer. Again, averages per specimen were first obtained and then the mean for 10 specimens was calculated.
Marginal extension rates of S. yendoi from all sites were monitored every 10 weeks over a 12-month period, including the occasional thicker forms at Holbaaipunt and Groenriviermond. Extension was measured in relation to two screws, one within the alga and one beyond the margin. Holes drilled were away from the margin being measured to avoid wounding effect influencing growth estimation. The advance of the leading edge of the crust from the tagged screw, indicating growth, was measured to the nearest 0.05 of a millimetre using callipers (n = 25 at each site).
To determine the effects of grazing on the fecundity of S. yendoi, a dissecting microscope equipped with an ocular lens quadrat was used. The number of conceptacles across a 0.25 cm 2 (0.5 cm X 0.5 cm) area of the crust was measured. An average of three squares for each specimen was measured and an average for 10 specimens from each site was obtained. Tetrasporangial (asexual) conceptacle morphology and anatomy was also examined to determine the relative impact of grazing at the micro level. Here, only plants from Holbaaipunt (grazed) and Port Nolloth (ungrazed) were examined (n = 30 plants from each site).
Competitive ability
For competitive interactions, approximately 1200 contact zones between species pairs were sampled along transect lines at all sites (sample sizes for each species pair are reported with the data in Figure 9 ). The overgrowth (symbol ">" on graph) of one species by another was scored as a "win" for the overgrowing species against the overgrown species (Steneck et al. 1991) . Retaliations were also recorded where species normally overgrown resisted overgrowth or reversed the normal pattern by regenerating margins and thereby raising their thalli over the encroaching alga (e.g. 
Attachment strength and percent burrowed
Ten separate pieces of rock covered by each of the thin and thick forms of S. yendoi from Holbaaipunt and Port Nolloth respectively were chipped off and returned to the laboratory. A high strength Pratley Quickset epoxy glue was used to attach wire paperclips to the bits of coralline from each of the above samples. Using a portable fishing spring-balance attached to the wire paperclips, the force at which the coralline was pulled free from the rock substratum was recorded. Thereafter, the undersurfaces of the individual crusts were examined under a dissecting microscope equipped with an eyepiece micrometer with 100 scale bars. Using the scale bars as a "transect" across the thallus undersurface, the degree of burrowing and undercutting by invertebrates was estimated. A scale bar crossing a point that was undercut was taken as 1% undercutting. The mean thallus thickness of the individual crusts was then determined to compare thallus thickness against attachment strength and percent burrowing.
Organic matter content per bite
An analysis of the nutrient status of both the thin and thick forms of S. yendoi from Holbaaipunt and Port Nolloth respectively was determined and compared against that of G. micropterum. This was done by measuring their organic content on a volume basis (n = 10). Samples were dry ashed for 16 hours at 450 o C in a Naber L47T muffle furnace (Naber Industrieofenbau, 2804 Liliethal/Bremen, West Germany) to determine their ash free dry weights (AFDW).
Experimental manipulation
A portion of randomly selected territories of S. cochlear at Holbaaipunt was cordoned off by sinking screws into the substratum (Figure 3 ). The distance between screws was sufficiently close to prevent the resident limpet from having access to the cordoned off portion of its territory. This cordoned off portion represented an area of reduced ("0") grazing. Scutellastra cochlear territories are very stable (Branch and Newell 1978) and although territories of adjacent limpets are known to touch, they do not overlap. For this reason we assumed that adjacent limpets have a low probability of detecting the absence of a limpet restricted to the far end of its territory and would subsequently not graze into that limpets' "0" grazing portion.
Any error resulting from a failure of this assumption would be conservative. The remaining uncordoned portion should receive more than normal grazing ("2X") since the area was essentially "halved". Measurements recorded from the "0" and "2X" grazing treatments were independent of each other. A set of unmanipulated limpet territories acted as the controls ("X" level of grazing). Twenty (20) interspersed replicates of each of the three experimental conditions were set up. All S. yendoi within the experimental design were initially smooth crusts, already grazed by S.
cochlear. After five months the general physiognomy, thallus and margin thickness, and marginal extension (every month) of S. yendoi were recorded.
Results
Abundances
There was a strong correlation (r = 0.90; P < 0.01; n = 36 quadrats per site) between S. cochlear and S. yendoi's percent cover abundance in the lower eulittoral zone (data pooled from the three sites; Figure 4 ). Spongites yendoi achieved its highest cover abundance at Holbaaipunt (78.97 % ± 2.88) and its lowest at Port Nolloth 
Grazing on Spongites yendoi
Spongites yendoi comprised most (c. 85 %) of S. cochlear's diet, while fleshy algae from the limpet's garden comprised only c. 7 % ( Table 1 ). The remaining c. 8 % of the gut contents of S. cochlear comprised a mixture of diatoms, invertebrates, microscopic algae and unidentifiable material. The amount of S. yendoi in the gut of S. cochlear was substantially higher than in any of the other herbivores (Table 1) .
At Holbaaipunt, significantly more (c. 87 %) of the surface of S. yendoi was grazed than at Groenriviermond (c. 55 %) ( Table 2 ). The grazing frequencies at Port Nolloth were so low that even after 48 hrs the graphite dots were still visible on the surfaces of the coralline. There was no difference in the grazing intensities experienced at Holbaaipunt and Groenriviermond (Table 2) .
Morphology, thallus thickness, growth and fecundity in natural populations
Spongites yendoi thalli at Port Nolloth without S. cochlear, were more protuberant than either the Holbaaipunt or Groenriviermond populations ( Figure 5 , Table 2 ).
Protuberances covered a larger percentage of the thallus of thicker S. yendoi and the protuberance height and diameter was substantially greater at Port Nolloth (Table 2 ).
Both the margins and the thalli in the Holbaaipunt and Groenriviermond populations of S. yendoi were extremely thin compared to the Port Nolloth population ( Table 2 ).
The thin form of S. yendoi from Holbaaipunt (0.59 ± 0.11 mm.month -1 ) grew laterally faster than both the thin form from Groenriviermond (0.38 ± 0.07 mm.month -1 ) and the thick form from Port Nolloth (0.10 ± 0.02 mm.month -1 ) (P < 0.01) (Figure 6 ).
There was a strong negative correlation between thallus thickness and lateral margin extension rates (r = -0.90, P = 0.02) (Figure 7) .
Populations of S. yendoi growing in the absence of S. cochlear had a greater number of conceptacles per unit planar area than those experiencing grazing ( Table 2 ). The conceptacle dimensions of the coralline located within S. cochlear grazed areas were generally smaller than those of S. yendoi occurring outside of the limpets' grazing range (Table 3) . Even the shape of the conceptacles differed with respect to the presence or absence of grazing.
Morphology, thallus thickness, growth and fecundity in response to manipulated grazing
Under reduced grazing conditions ("0" grazing) the margins and thalli of S. yendoi became thicker and the thalli very protuberant upon limpet exclusion (Table 4) .
Even the fecundity under the different experimental designs differed dramatically, with the number of conceptacles being extremely low under increased ("2X") grazing pressure (P < 0.01, Table 4 ). Under increased grazing ("2X" grazing -1.19 ± 0.22 mm.month -1 ) pressure, the coralline grew significantly faster than under either control ("X" grazing -0.57 ± 0.04 mm.month -1 ) or reduced grazing ("0" grazing -0.10 ± 0.03 mm.month -1 ) conditions (P < 0.01) (Figure 8 ).
Competitive ability
At Holbaaipunt, with a relatively high cover of S. cochlear, S. yendoi was ranked 
Attachment strength and percent burrowed
Thick forms of S. yendoi from Port Nolloth showed a high degree of burrowing and a weak attachment strength (Table 5 ). In contrast, thin forms from Holbaaipunt and Groenriviermond showed almost no burrowing and much higher attachment strengths. Here too there was a strong (negative) correlation between thallus thickness and attachment strength (r = -0.90; P < 0.01; n = 10 crusts per site).
Organic matter content per bite
There was no statistical difference in the organic content (as AFDW) on a volume (per bite) basis for both the thin (0.299 ± 0.018 g.ml -1 ; Holbaaipunt and Groenriviermond pooled) and thick (0.294 ± 0.019 g.ml -1 ; Port Nolloth) forms of S.
yendoi and G. micropterum (0.304 ± 0.008 g.ml -1 ; from Holbaaipunt) (P = 0.86). In
G. micropterum much of this volume is water while in S. yendoi it is calcium
carbonate.
Discussion
Summary of main findings
Herbivory may have positive effects on the grazed plants and studies involving encrusting coralline algae have shown that some corallines benefit from their associations with herbivores (e.g. Steneck and Adey 1976 , Steneck et al. 1991 , Littler et al. 1995 , Stachowics and Hay 1996 , Wai and Williams 2005 (Steneck and Adey 1976 , Steneck and Watling 1982 , Steneck 1983 , 1985 , 1986 , Steneck and Paine 1986 , Steneck et al. 1991 , Littler et al. 1995 , some advocating that both grazing intensity (bite depth) and frequency are of particular importance (Steneck 1983 , Steneck and Watling 1982 , Steneck et al. 1991 . Our results, however, suggest that within the lower eulittoral on South African west coast shores, differences in grazing frequency are of greater consequence than intensity.
Morphological consequences of grazing
The genetic disposition of S. yendoi is to produce a lumpy to protuberant crust.
Grazing by S. cochlear appears primarily responsible for the occurrences of smooth plants. This finding is supported by Y. M. Chamberlain (pers. comm.) who found that populations of S. yendoi north of Richards Bay (the northern limit of the geographic extent of S. cochlear along the east coast) were sparse, patchy, thick and protuberant.
Scutellastra cochlear also affected the reproductive output of the coralline. Since grazing reduced the number of protuberances, there was less surface area for conceptacle production. Although natural ("X") grazing frequencies were not sufficient to completely remove the conceptacles, under higher grazing pressures ("2X" grazing), the limpet was capable of denuding the coralline's surface of its conceptacles. Furthermore, grazing even altered the size, shape and internal dimensions of the conceptacles (Table 3 ). Since tetrasporangia in Spongites spp.
characteristically develop at the periphery of the conceptacle chamber (Chamberlain 1993), any factor reducing the internal conceptacle diameter would invariably also reduce the number of tetrasporangia produced. This no doubt has a bearing on the reproductive output. Steneck and Adey (1976) similarly demonstrated that the encrusting coralline alga Lithophyllum congestum (Foslie) Foslie produced protuberances when it occurred on the edges of reef flats where fish feeding was reduced. When compared with the encrusting form, this protuberant form also had a higher reproductive output. One might argue then that the genetic diversity in such plants would be greater in infrequently or ungrazed areas because such areas would be dominated by more sexually and less vegetatively reproducing individuals.
Thinner crusts generally grow faster than thicker crusts (Steneck 1985 , 1986 , Keats et al. 1994b Wai and Williams 2005 . Thicker crusts maintain more living nonphotosynthetic cells than do thinner crusts (Steneck 1983) and it is believed that this investment in vertical expansion depletes photosynthates that could be used for lateral expansion (Steneck 1985 et al. 1994b ). The present study has shown that grazing by S. cochlear, rather than deep-layer sloughing (see Keats et al. 1993) , is primarily responsible for the thinning of the thallus of S. yendoi. Furthermore, we have observed the thick form of S. yendoi at Port Nolloth undergoing sloughing which also negates the suggestion that deep-layer sloughing could be an effective way of remaining thin.
Interactions
Success in overgrowth (interference) competition between encrusting algae is largely determined by the thallus thickness and the raising of the margin (Steneck 1985 , 1986 , Steneck et al. 1991 , Keats and Maneveldt 1994 , Keats et al. 1994a , Morcom et al. 1997 . Any factor, therefore, that affects the crust thickness of competing species, may mediate their competitive success. Grazing by S. cochlear reduces the margin and thallus thickness of S. yendoi and consequently affects its competitive (interference) ability. There is a potential for a complete competitive reversal between R. verrucosa (a thicker, superior competitor to S. yendoi along the southern west coast [Keats et al. 1994a] ) and S. yendoi at Port Nolloth. The tendency for this competitive reversal already exists at Groenriviermond (Figure 9) . A complete competitive reversal does, however, not occur at Port Nolloth since these two species do not interact there. Additional monitoring sites north of Groenriviermond are therefore required to fully evaluate the competitive interaction between S. yendoi and R. verrucosa.
Thick corallines are known to be more susceptible to invasion from boring organisms (Paine 1984 , Steneck 1986 , Steneck and Paine 1986 , Keats et al. 1994b . Keats et al. (1994b) have shown that the thicker L. ferox, which was much more heavily burrowed than the thinner S. yendoi, was more weakly attached. We have shown that the thicker, more protuberant form of S. yendoi has a weaker attachment than the thinner form because of its greater susceptibility to invasion by boring organisms.
The slow lateral growth and weaker attachment of the thicker form are probably the reasons for the low cover abundance of the coralline at Port Nolloth.
Although gut contents of S. cochlear comprised almost solely S. yendoi, it has been stated that production and energy content of S. yendoi (as Lithothamnion) is so low that it cannot alone support the energetic needs of S. cochlear (Branch 1980, Branch and Griffiths 1988) . Branch (1980) further stated that the gardens of red algae thus seem vital for the densely packed S. cochlear and although they often form only a small fringe around each animal, their production and energy contents are high. Our results show that S. yendoi is as high in its organic content on a volume (per bite) basis as G. micropterum. This is supported by other research (e.g. Maneveldt et al. 2006 , M. E. Hay and Q. E. Kappel pers. comm.) that have shown many corallines to be high in organic content (per volume) relative to many fleshy algae. It is thus not hard to see why juvenile S. cochlear, and adult limpets lacking gardens, survive almost exclusively on a diet of S. yendoi (as Lithothamnion), an observation long ago made by Day (1969) . It may be that the coralline and the garden of fine red algae are fulfilling different energy requirements and that larger S. cochlear are essentially maintaining a mixed diet of algae (see Kitting 1980 , Cruz-Rivera and Hay 2001 , 2003 . This suggestion, however, needs to be evaluated through further studies.
Concluding remarks
The interaction between the coralline S. yendoi and the limpet S. cochlear shows characteristics of a facultative mutualism, an association not unfamiliar to other South African limpets and encrusting algae (see McQuaid and Froneman 1993) and is summarised in Figure 10 Table 4 . Comparison of S. yendoi's physiognomy under the three experimental conditions. "0" grazing = substantially reduced grazing conditions; "X" grazing = natural grazing (control) conditions; "2X" grazing = greater than natural grazing conditions (n = 10; averages for each S. yendoi fragment from each of the three experimental conditions were first obtained and then the mean for 10 fragments was calculated). 
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